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INTRODUCTION
Ustilago esculenta, belonging to the Ustilaginaceae family, is closely related to Ustilago hordei, Ustilago maydis and Sporisorium reilianum (Ye et al. 2017) . It is an obligate parasite of Zizania latifolia, inducing host stem swelling and suppressing host inflorescence development Tzeng 1981, 2004; Terrell and Batra 1982; Zhang et al. 2013) . In East and Southeast Asia (Yang and Leu 1978) , the swollen stem is eaten as a uniquely flavoured and nutrient-rich aquatic vegetable (Zhang et al. 2011) . This vegetable, known as Jiaobai in China, exhibits three different phenotypes in the field (Zhang et al. 2011) . White Jiaobai is preferred for its appearance without visible black telispores (You et al. 2011; Zhang et al. 2011; Yan et al. 2013) . Grey Jiaobai, which is similar to 'kambong' in India (Jain, Singh and Bhattacharyya 2012; Jose et al. 2016) and 'makomotake' in Japan (Kawagishi et al. 2006; Jose et al. 2016) , is full of teliospores inside the galls, and is discarded by Chinese farmers due to its unacceptable taste and potential to trigger hypersensitivity pneumonitis (Fujii et al. 2007) . The third type, male Jiaobai, is discarded because of the absence of a swollen stem and no detectable U. esculenta (Yan et al. 2013 ).
These three phenotypes are regarded as the result of variations in the fungal pathogenic interactions with the host (You et al. 2011; Zhang et al. 2017) .
Previous studies indicated that U. esculenta is a typical dimorphic fungus undergoing transformation from the nonpathogenic haploid yeast form to the infectious hyphal form (Vollmeister et al. 2012) . Dimorphic switching is essential for pathogenicity (Müller et al. 1999; Müller et al. 2003; Klein and Tebbets 2007; Boyce and Andrianopoulos 2015) and is mediated by three key signaling pathways (Boyce and Andrianopoulos 2015) . The first is a two-component signaling system (Klein and Tebbets 2007; Zhang et al. 2010 ) comprising one or multiple membrane-associated hybrid histidine kinases and an intermediate histidine phosphotransferase and response regulator that mediate four sequential phosphorylation reactions (Hogan and Sundstrom 2009; Boyce and Andrianopoulos 2015) . The second is a transient intracellular signal mediated by the entry of calcium into the cell or its release from internal storage. The third is a heterotrimeric G protein signaling system (Vollmeister et al. 2012; Cao et al. 2017 ) and the pheromone signaling system (Müller et al. 2003; Vollmeister et al. 2012) . Although there is great diversity among the signals that trigger fungal dimorphism, the cell signaling pathway network involved in the pathogenic process is relatively conserved, with two signaling cascades relying on protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) forming the core of the integrated network that regulates this process (Kaffarnik et al. 2003; Nadal, Garcia-Pedrajas and Gold 2008; Zarnack et al. 2008; Vollmeister et al. 2012) .
In the corn smut fungus U. maydis, fungal dimorphism is achieved via a mating system consisting of two unlinked mating-type loci: the bi-allelic a locus and the multi-allelic b locus (Banuett and Herskowitz 1989; Banuett and Herskowitz 1994; Elíasvillalobos and Ibeas 2011) . The a locus contains two mating-type genes, encoding a lipopeptide pheromone precursor (mfa) and the lipopeptide pheromone receptor (pra), which recognize cells of the opposite mating-type and induce the formation of conjugation hyphae (Nadal, Garcia-Pedrajas and Gold 2008) . The b locus is composed of paired subunits of a homeodomain termed bE and bW, which regulate filamentation and pathogenicity when two heterodimeric subunits are formed by different alleles (Chacko and Gold 2012; Vollmeister et al. 2012) . As a central regulator, pheromone response factor (Prf1) has been shown to integrate different environmental signals to control the mating response (Hartmann et al. 1999; Müller et al. 1999; Zarnack et al. 2008) . It plays an essential role in the expression of mating-type genes by binding to the promoter regions of specific pheromone response elements (PREs) (Kaffarnik et al. 2003 ) that function downstream and at the intersection of the cAMP-dependent PKA and MAPK pathways (Kaffarnik et al. 2003; Nadal, Garcia-Pedrajas and Gold 2008; Zarnack et al. 2008; Chacko and Gold 2012) . Prf1 expression is regulated at both the transcriptional and post-transcriptional levels by MAPK and PKA phosphorylation. Transcriptional regulation is mediated by cis-regulatory DNA elements such as the UAS (upstream activating sequence) element, PREs and PRSs (Rop1 response element), which rely on the presence of Kpp2 or Crk1 in the MAPK signaling pathway, or Adr1 in the PKA signaling pathway. Cisregulatory DNA elements are also responsible for integrating various nutritional signals or initial pheromone induction during budding growth (Zarnack et al. 2008; Di and Brefort 2009 ). Post-transcriptional regulation is mediated by the phosphorylation of Adr1 and Kpp2 at functionally important sites in the center of Prf1 (Kaffarnik et al. 2003; Zhao, Mehrabi and Xu 2007) . Among these, Adr1 is required for induction of both the mfa and b genes, while Kpp2 is crucial for b gene expression (Kaffarnik et al. 2003) .
In this study, a U. esculenta gene encoding the homolog of Prf1, designated UePrf1 (accession number: MF818013) was cloned and characterized, and its role in the mating process was investigated. We demonstrate that UePrf1 is required for cell fusion and hyphal growth in vitro, by influencing the expression of the a and b mating-type genes.
MATERIAL AND METHODS

Fungal and bacterial strains and growth conditions
U. esculenta strains were grown on YEPS medium (1% yeast extract, 2% peptone and 2% sucrose) plates at 28
• C. Compatible haploid U. esculenta strains UeT14 (a1b1 CCTCC AF 2 015 016)/UeT55 (a2b2 CCTCC AF 2 015 015) isolated from grey Jiaobai were used for biological studies and genetic manipulation; these strains achieve successful artificial infection to induce the stem swelling . The Escherichia coli strain JM109 (Tiangen Biotech, China) used for vector construction was cultured at 37
• C in lysogeny Broth (LB) medium.
Gene cloning and bioinformatics analysis
Ezup Column Fungi Genomic DNA Purification Kits (Sangon Biotech, China) were used to extract fungal genomic DNA. Spin Column Fungal Total RNA Purification kits (Sangon Biotech) were used to isolate total RNA and PrimeScript TM II First strand cDNA Synthesis Kits (TaKaRa, Japan) were used to synthesize cDNAs. Target genes were predicted by homologbased prediction using protein sequences of U. maydis compared to the U. esculenta genome using tBLASTn (version 2.5.0, downloaded from NCBI). Specific primers were designed and listed in Data S1 (see supporting information). PCRs were performed with LA Taq DNA polymerase (TaKaRa) in accordance with the manufacturer's instructions. The PCR products were purified with the SanPrep Column DNA Gel Extraction kit (Sangon Biotech), cloned into pMD19-T (TaKaRa) and transformed into E. coli JM109. The positive transformants were confirmed by sequencing. The bioinformatics tools available on the website (http://smart.embl-heidelberg.de/) were used for searching proteins containing specific combinations of domains in defined taxa. The bioinformatics tools available on the website (http://web.expasy.org/compute pi/) were used for predicting the isoelectric point and molecular weight. Multiple alignments of the putative protein were performed with DNAMAN 8.0.
Genetic manipulation
U. esculenta protoplast transformation was performed using a previously described method (Yu et al. 2015) . The ClonExpress II One
Step Cloning kit (Vazyme, China) was used to generate constructs for UePrf1 overexpression. The CDS sequence of UePrf1 was cloned by specific primers UePrf1-cF/cR (Data S1) and then ligated into the linearized pUe-OE plasmid (Yu et al. 2015) via the HindIII and NotI restriction enzyme sites according to the kit instructions provided by the manufacturer. The resulting construct pUe-OE-UePrf1 was confirmed by sequencing and linearized with NdeI in order to enable transfer to the protoplasts of wild-type strains and the gene-deletion mutants ( UePkaC/ UeKpp6/ UeKpp2) of U. esculenta by the PEG/CaCl 2 -mediated transformation method (Yu et al. 2015) . Transformants were selected on regeneration agar (1% yeast extract, 0.4% peptone, 0.4% sucrose and 18.22% sorbitol) containing carboxin. Selected transformants were further confirmed by Southern hybridization analysis (the PCR-probe was amplified with primers of UePrf1-verity-F/R) and gene expression levels (analyzed by qRT-PCR with the primers UePrf1-qF/qR). All primers are listed in Data S1. The single deletion mutant of UePrf1 was generated using a homologous recombination strategy (Terfrüchte et al. 2014; Yu et al. 2015) and selected using the hygromycin resistance marker. Fragments (approximately 1 kb) upstream and downstream of the open reading frame were amplified with the genespecific primers UePrf1-UF1/UR1 and UePrf1-DF1/DR1, respectively. The hygromycin resistance gene including the promoter and terminator sequence was cloned in two separate fragments (one containing the 5 sequence was amplified using the Hyg-F/Hyg3-R primer pair and the other one containing the 3 sequence was amplified using the Hyg4-F/Hyg-R primer pair) with a 25-bp overlapping sequence. The two fragments amplified by the UePrf1-UF1/UR1 and Hyg-F/Hyg3-R primer pairs were ligated in two rounds of fusion PCR to generate the linear upstream DNA for transformation. The linear downstream DNA for transformation was generated by fusion PCR of the two fragments amplified by the Hyg4-F/Hyg-R and UePrf1-DF1/DR1 primer pairs. The resulting two linear fusion fragments were cloned into pMD19-T for sequencing verification and then amplified by PCR with the UePrf1-UF1/Hyg3-R (linear upstream fragment) and Hyg4-F/UePrf1-DR1 (linear downstream fragment) primer pairs for transformation to generate the UePrf1 mutant. A dual selection system (Lu et al. 2014 ) was used to identify null mutants, in which the UePrf1-verity-F/R primer pair was used to detect the object gene, the Hyg-F/R primer pair was used to detect the hygromycin resistance gene, and UePrf1-UF1/Hyg3-R and Hyg4-F/UePrf-DR1 primer pairs were used to confirm the correct insertion. The selected mutants were further confirmed by qRT-PCR and southern blot (the PCR-probe was amplified with primers of Hyg3-F/R). All primers are listed in Data S1.
All the strains of U. esculenta which were used and constructed are listed in Data S2.
Mating assays
Colony cultured strains were expanded by culture in liquid YEPS medium to a final OD 600 value of approximately 1.0. The cells were then collected by centrifugation (8000 g, 5 min, RT) and resuspended in liquid YEPS medium at an OD600 value of approximately 1.8. Sexually compatible strains with comparable OD 600 values were mixed in a 1:1 ratio and then spotted onto solid YEPS medium plates as previously described (Livak 2001) . Plates were sealed with parafilm and cultured at 28
• C. The cells were observed and images captured under a microscope (XD series biological Microscope and SZN Zoom Stereo Microscope) every 6 h for one day. Features of the cell structure, such as the morphology, the conjugation tube and filament were observed using the XD series biological microscope, while hyphal growth was observed at three days after mating using the SZN Zoom Stereo Microscope to evaluate the mating response.
Real-time PCR
Gene expression was evaluated by real-time PCR. Samples of haploid strains were colony cultured for two days then harvested by centrifugation (8000 g, 5 min, RT). Samples of mating assays were collected at the following time-points: 0 h (control), 6 h, 12 h (when conjugation tubes were formed in the wild-type), 18 h and 24 h (when aerial hyphae were formed in the wild-type). Cells were scraped from the plates and RNA was extracted using the Spin Column Fungal Total RNA Purification kit (Sangon Biotech, China) according to the manufacturer's instructions. (Livak 2001) . β-Actin was used as the internal reference for measuring gene expression. All experiments were carried out in triplicate and data were further analyzed using Origin software (version 9.0). All data from three independent experiments were subjected to analysis of variance (ANOVA) and P < 0.05 was considered to indicate statistical significance.
Accession numbers
The gene sequence data of U. esculenta in this study was deposited to GenBank under the following accession numbers: MF818013 (UePrf1); KU855052.1 (UeKpp2); KU855053.1 (UeKpp6); KX369240.1 (UeFuz7); MG015669 (UeRbf1); KU302685.1 (UePkaC); ALS87615.1 (mfa1.2); ALS87619.1 (mfa2.1); ALS87617.1 (pra1); ALS87620.1 (pra2); ANB43489.1 (bE1); ANB43490.1 (bE2); ANB43492.1 (bW1); ANB43493.1 (bW2).
RESULTS
Identification of UePrf1 in U. esculenta
In U. maydis, Prf1 is responsible for the mating response (Chacko and Gold 2012) . To identify Prf1 homologs in U. esculenta, a blast search against the U. esculenta database (GenBank accession number: JTLW01000000) was performed, using Prf1 from the U. maydis as the query sequence (Ye et al. 2017) . One protein, designated UePrf1, was retrieved with 54% similarity to Prf1 of U. maydis. UePrf1 was cloned based on the genomic database of U. esculenta (GenBank accession number: JTLW00000000). Additionally, sequence alignment results showed that UePrf1 has homology to the high mobility group (HMG) superfamily from other fungi, including Melanopsichium pennsylvanicum 4 (58% similarity), Moesziomyces antarcticus (46% similarity), Flammulina velutipes (37% similarity) and Rhizoctonia solani (53% similarity). The conserved HMG domain, which is located at 124-195 aa (Fig. 1A) , shows the greatest similarity (64-65 identical residues in a stretch of 72 amino acids) (Fig. 1B) to that of Prf1 of U. maydis and M. pennsylvanicum. The results of phylogenetic analysis also showed a close relationship with Prf1 of U. maydis and M. pennsylvanicum (Fig. 1C) . and Rhizoctonia solani (KEP51041.1, residues 116-185). The multiple sequence alignment was performed by DNAMAN. Black-highlighted amino acids represent 100% identity between UePrf1 and other sequences while pink-highlighted amino acids represent 75%. (C) Phylogenetic tree analysis of UePrf1with other fungal HMG-box transcription factors. Sequence alignment was performed using the MEGA6.0 program and the phylogenic tree was created and visualized using MEGA6.0. The accession numbers used were as follows: Ustilago maydis (AAC32736.1, pheromone response factor Prf1), Melanopsichium pennsylvanicum (CDI53580.1, pheromone response factor Prf1), Moesziomyces antarcticus (GAC71737.1, HMG-box transcription factor), Flammulina velutipes (AOC97451.1, HMG-box transcription factor), Rhizoctonia solani (KEP51041.1, HMG box protein), Saccharomyces cerevisiae (NP 014765.3, profilin), Cryptococcus neoformans (XP 571918.1, specific transcriptional repressor), Ceraceosorus bombacis (CEH11707.1, HMG-box transcription factor).
UePrf1 is required for cell fusion and hyphal growth in vitro
Sexually compatible sporidia UeT14 and UeT55 of U. esculenta were used as wild-type strains. During mating assays, observations were carried out at 6-h intervals for 24 h. Results showed that before 6 h, most of the sporidia were reproduced with budding ( Fig. 2A) . At 12 h, numerous conjugation tubes were observed and mating of the two heterogametic strains continued up to 18 h ( Fig. 2A) . Subsequently, many long hyphae were observed ( Fig. 2A) and aerial hyphae were visible as a white, fuzzy growth at 24 h ( Fig. 2A) . During this procedure, UePrf1 expression was enhanced, especially during the formation of conjugation tubes and hyphae (Fig. 2B) , suggesting a role for UePrf1 in cell fusion and hyphal growth.
For further functional investigations, UePrf1 deletion mutants from UeT14 and UeT55 were generated and confirmed by PCR (Data S3A and S3B). There was no obvious difference in morphology between the UePrf1 mutant and wild-type strain (data S3C). However, mating assays showed an absence of fuzzy growth when compatible haploid UePrf1 mutants were cocultured on YEPS media, while co-cultures of wild-type compatible haploids of UeT14 and UeT55 generated white fuzzy growth (Fig. 2C) . Furthermore, visible hyphae were not observed when either of the haploid UePrf1 mutants were co-cultured with a compatible wild-type mating partner (Fig. 2C) . Details of the morphology of fungal cells were detected by microscopy. During the mating procedure, no conjugation tubes or cells fusion was observed for UePrf1 mutants (Fig. 2E) , while typical conjugation tubes and cells fusion were observed at 12 h for the wild-types ( Fig. 2A) , suggesting a defect in the mating ability in UePrf1 mutants.
To study the function of UePrf1 in hyphal growth, the solopathogenic haploid strain SP2 was constructed, carrying the bE1 genes with mfa1.2 gene overexpression; this strain is capable of filamentation on YEPS plates (Fig. 2D,E) . However, with the UePrf1 deletion mutant, SP2 failed to form white fuzzy growth (Fig. 2D) or hyphae (Fig. 2E) , indicating that UePrf1 is also essential for post-mating hyphae formation.
UePrf1 mutants show reduced a gene expression
The defective ability of the UePrf1 mutant to produce functional conjugation tubes for mating indicated a potential relationship with pheromones and/or pheromone receptors. U. esculenta contain three a loci. The a locus in UeT14 consists of mfa1.2, mfa1.3 and pra1, while the a locus in UeT55 consists of mfa2.1, mfa2.3 and pra2 (Ye et al. 2017) . Real-time PCR analysis of the expression of the genes encoding pheromones or pheromone receptors in the UePrf1 mutants showed significant downregulation in the expression of all the a mating-type genes compared to the levels detected in the wild-type strains at the * indicates a significant reduction expression of UePrf1 in mutants compared to its wild-type strains.
(B) The expression of mfa and pra genes at 0 h and 12 h in the mating procedure. The indicated compatible strains were spotted alone on YEPS plates. At least five individual colonies were collected at 12 h (when cell fusion occurred in WT strains) in the mating assay. The haploid samples mixed in the beginning of mating assays were collected as the tested samples of 0 h. The mixed wild-type strains collected at 0 h were used as a contrast to evaluate the relative expression of a genes during the mating procedure. Different letters above the columns indicate significant differences at the p < 0.05 level. (C) The basic expression of b genes in haploid cells of wild-type strains or UePrf1 deletion mutants. Samples were collected by colony cultured at two days.
beginning of mating (0 h) in the budding culture (Fig. 3A) . Additionally, inducible expression of a mating-type genes in both of the haploid UePrf1 mutants co-cultured for 12 h on YEPS plates with a compatible wild-type mating partner were compared with those of the control wild-type strains that were similarly co-cultured. All a mating-type genes were upregulated by more than 3-fold at 12 h in mating assays. However, when mated with a compatible UePrf1 deletion mutant, pra expression was not induced and mfa expression was markedly reduced (Fig. 3B ). These findings suggest that UePrf1 plays a central role in regulating the a mating-type gene expression in the mating response. In addition, the level of b gene expression in the UePrf1 deletion cells was similar to that in the wild-type strain (Fig. 3C ).
UePrf1 overexpression in UeKpp2 and UeKpp6 mutants promote hyphal growth
In a previous study, we found that deletion of UeKpp2 or UeKpp6 in UeT14 and UeT55 resulted in the formation of fewer and shorter hyphae without the fuzzy white phenotype during mating assays (Fig. 4A) , along with reduced mating-induced expression of UePrf1 (Fig. 4B) . However, observation at 6-h intervals during mating assays showed the appearance of the conjugation tube at 12 h and visible cell fusion before 18 h in UeKpp6 mutants, which was consistent with the processes observed in the wild-type strains. In UeKpp2 mutants, conjugation formation was also observed at 12 h, while the cell fusion was delayed to 48 h (unpublished data). Therefore, deletion of UeKpp2 or UeKpp6 in Morphology of colonies after mating. The indicated compatible strains were spotted alone on YEPS plates. Hyphae formation in mated compatible WT strains (UeT14 and UeT55) indicated a successful mating. The picture with a label of UeKpp2 (or UeKpp6) represents a colony of mating with two compatible strains of UeKpp2 (or UeKpp6) deletion mutants derived from UeT14 and UeT55 strains. UeKpp2::UePrf1 (or UeKpp6::UePrf1) represents over-expression of UePrf1 in UeKpp2 (or UeKpp6) deletion mutants. Pictures were taken at three days after mating. Scale bar represents 1500 μm.
(G) at 0 h and 24 h in the mating procedure. The indicated compatible strains were spotted alone on YEPS plates. At least five individual colonies were collected at 24 h (when hyphal formed in WT strains) in the mating assay. The haploid samples mixed in the beginning of mating assays were collected as the tested samples of 0 h. The mixed wild-type strains collected at 0 h were used as a contrast to evaluate the relative expression of individual genes during the mating procedure. Different letters above the columns indicate significant differences at the p < 0.05 level.
U. esculenta was considered to result in defective hyphal growth post-mating, which has also been reported in U. maydis (Stasio et al. 2009 ).
To further investigate whether UePrf1 has additional functions after cell fusion, we performed mating assays following the introduction of the UePrf1 overexpression vector into UeKpp2 or UeKpp6 mutants of U. esculenta. Results showed that the UeKpp2 mutants formed more hyphae, while the white fuzzy hyphal growth was recovered in the UeKpp6 mutants with continuous UePrf1 expression (Fig. 4A) . To explore the signaling pathways that were associated with the function of UePrf1 in hyphal growth, we further analyzed and compared the expression changes of hyphal growth-related genes, such as b genes and UeRbf1 (Heimel et al. 2010; Hu et al. 2015) , during the mating process in the compatible paired strains UeKpp2, UeKpp6, UeKpp2::UePrf1, UeKpp6::UePrf1, and the wildtype strain UeT14/UeT55. In the haploid strains, the expression levels of the b genes in the mutants of UeKpp2 or UeKpp6, and the mutants overexpressing UePrf1, were similar to those of the wild-type strains at 0 h after mating. However, UeRbf1 expression levels were more than 10-fold higher when UePrf1 was overexpressed (Fig. 4C-G) . After cell fusion, the expression levels of the b genes and UeRbf1 were significantly increased by >50-fold in the wild-type strains, >3-fold in UeKpp6 mutants (UeRbf1 were increased by approximately 4-fold, b genes were significantly increased by >10-fold) and were increased slightly (by approximately 5-fold) in UeKpp2 mutants, compared with the levels detected in the haploid strains (Fig. 4C-G) . However, the expression of b genes and UeRbf1 was dramatically increased (2-8-fold) when UePrf1 was overexpressed compared with the levels detected in UeKpp2 or UeKpp6 mutants at 24 h after mating. These results indicate that overexpression of UePrf1 in the UeKpp2 and UeKpp6 mutants promoted the hyphal growth after cell fusion by inducing expression of the b genes and UeRbf1.
DISCUSSION
Dimorphism, or switching from a non-infective yeast-like form to an infective hyphal form, occurs in response to different environmental cues to achieve successful infection (Nadal, GarciaPedrajas and Gold 2008; Boyce and Andrianopoulos 2015) . This process is tightly regulated by complex signaling pathways to ensure coordination and timing of the responses (Elíasvillalobos and Ibeas 2011) . Similar to the corn smut fungi (Vollmeister et al. 2012) , U. esculenta also undergoes the process of dimorphism to achieve the mating process required for an infection life cycle. In this context, mating involves cell fusion with two sexually compatible strains through conjugation tubes and hyphal growth post-mating. In this study we identified the protein UePrf1 with a typical HMG domain that indicates a relationship with pheromone signaling in fungi (Zarnack et al. 2008) . UePrf1 exhibits high homology with Prf1 in U. maydis and M. pennsylvanicum (Fig. 1B,C) and is required not only for cell fusion (Fig. 2C,E) , but also for hyphal growth (Fig. 2D,E) , which is consistent with the function of Prf1 in U. maydis (Brefort, Müller and Kahmann 2005; Mendoza-Mendoza et al. 2009) .
A central aim of this study was to understand the mechanism by which UePrf1 is essential for mating. Our results suggested that deletion of UePrf1 affected basic expression of the a genes in haploid strains (Fig. 3A) and also inhibited a gene induction during the mating process (Fig. 3B) . In U. maydis, Kpp2 regulates expression of pheromone-responsive genes through acting on the transcription factor Prf1, which binds to specific sites in Kpp6. Previous studies have shown that these factors participate in conjugation tube formation and influence the pathogenicity in the absence of Prf1 (Müller et al. 1999; Müller et al. 2003) . Therefore, to evaluate the function of UePrf1 in hyphal growth, the UeKpp2 and UeKpp6 mutants of U. esculenta (unpublished data) were introduced, leading to attenuated hyphal growth in the mating procedure (Fig. 4A) . Following UePrf1 overexpression, white fuzzy growth was observed in the UeKpp6 mutant and dense hyphae formation in the UeKpp2, along with dramatic induction in the expression of the b and UeRbf1 genes after cell fusion (Fig. 4) . However, UePrf1 overexpression in the UeKpp2 and UeKpp6 mutants did not alter the expression of a genes (Data S4B). These findings are similar to those reported in U. maydis, showing that the MAPK sites of Prf1 are dispensable for mfa1 induction but crucial for pheromone-induced b gene expression (Kaffarnik et al. 2003) . Furthermore, in U. maydis, the PKA sites in Prf1 are essential for induced expression of the a and b mating-type genes (Kaffarnik et al. 2003) . Therefore, the UePkaC gene encoding the PKA catalytic subunit (unpublished data) in U. esculenta was mutated, leading to a loss of mating ability (Data S4A) and significantly reduced mfa gene expression (Data S4A,B). However, the mating ability was not recovered by UePrf1 overexpression, with the basic expression of mfa genes maintained at low levels. Furthermore, the expression of UePrf1 was not induced even after a vector for UePrf1 overexpression from a constitutive Otef promoter was introduced to the UePkaC mutant at 24 h post-mating (Data S4B,C). These results indicate that UePrf1 is a crucial regulator of both a and b expression, which control the mating process in U. esculenta. In U. maydis, Prf1 was shown to regulate mating through MAPK and PKA phosphorylation (Zarnack et al. 2008) . Our findings also indicated that in U. esculenta, UePrf1 regulates a gene expression via UePkaC, while b gene induction by UePrf1 may function downstream of UeKpp2 and UeKpp6. However, further studies are required to fully elucidate the mechanism underlying the functions of UePrf1 in U. esculenta.
CONCLUSIONS
In this study we cloned the UePrf1 gene, encoding a protein consisting of 830 amino acids, with a conserved HMG domain and showing approximately 55% similarity with Prf1 in U. maydis and M. pennsylvanicum. UePrf1 was upregulated in wild-type strains during the mating process. Furthermore, UePrf1 mutants showed defects in aspects of the mating process, including cell fusion and hyphal growth, and attenuated a gene expression. Following overexpression in UeKpp2 and UeKpp6 mutants, UePrf1 promoted hyphal growth, along with induced b gene expression. Thus, our findings suggest that UePrf1 in U. esculenta has a conserved role in regulating the mating response that is mediated via the a and b genes.
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